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During  the  last  decade,  the  steam-iron  process  has  re-emerged  as  a  possible  way  to  separate  and/or 
storage  pure  hydrogen  through  the  use  of  metallic  oxides  subjected  to  redox  cycles.  The  most  renamed 
candidate  to  achieve  this  goal  has  traditionally  been  iron  oxide.  Nevertheless,  the  study  of  its  behaviour 
along  repetitive  reduction/oxidation  stages  has  shown  that  the  hydrogen  storage  density  diminishes 
abruptly  from  the  first  cycle  on. 

To  cope  with  this  problem,  the  inclusion  of  a  second  metal  oxide  in  the  solid  structure  has  been  tried. 
Isothermal  experiments  of  reduction  with  hydrogen  rich  flows  and  oxidation  with  steam  have  been  car¬ 
ried  out  with  Al,  Cr  and  Ce  as  second  metals,  in  nominal  amounts  from  1%  to  10  mol%  added  to  the 
hematite  structure,  which  has  been  synthesized  in  laboratory  by  coprecipitation.  Series  of  up  to  seven 
cycles  (reductions  followed  by  oxidations  in  a  thermogravimetric  system  acting  as  differential  reactor  for 
the  gas)  have  shown  that  to  that  point,  an  almost  repetitive  behaviour  can  be  obtained,  recovering  the 
magnetite  (Fe304)  structure  after  each  oxidation  step. 

Since  the  second  metal  oxide  does  not  intervene  in  the  reduction/oxidation  process,  the  optimum 
content  of  second  metal  for  each  species  has  been  determined  with  the  aim  to  keep  the  highest  hydrogen 
storage  density  along  cycles. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  can  be  stored  and  regenerated  using  a  method  of  cyclic 
reduction  and  oxidation  of  metallic  oxides,  usually  iron  oxides, 
known  as  the  steam-iron  process  [1,2].  This  method  -  which  was 
initially  developed  in  the  late  19th/early  20th  century  to  produce 
hydrogen  rich  gas  from  gasified  coal  [3]  -  stands  on  the  premise 
that  hydrogen  can  be  provided  cheaply  from  fossil  sources,  such 
as  natural  gas  during  the  transition  period  towards  a  full  hydrogen 
economy  [4]. 

The  steam-iron  process  operates  in  two  periodic  stages,  the  net 
reaction  being  the  redox  of  the  metal  oxide: 

MxOy  TyH2  ++  xM  +yH20  (1) 

(1)  In  the  first  stage  (forward  reaction),  a  gas  mixture  containing 
hydrogen  (for  instance,  natural  gas  with  a  high  enough  hydro¬ 
gen  content,  or  a  stream  resulting  from  natural  gas  reforming, 
hydrocarbon  or  biomass  pyrolysis  or  gasification)  is  used  to 
reduce  the  metal  oxide.  The  water  produced  in  this  stage  should 
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be  eliminated  in  order  to  shift  the  equilibrium  reaction  of  Eq. 
(1 )  towards  the  reduced  metal. 

(2)  In  the  second  stage  (backward  reaction),  the  previously  reduced 
metal  is  re-oxidized  with  steam,  producing  pure  hydrogen, 
while  the  oxide  is  regenerated  to  a  certain  extent.  Therefore, 
this  process  can  provide  a  feasible  and  convenient  way  to  pro¬ 
duce  a  hydrogen  stream  suitable  to  feed  a  PEM  fuel  cell  avoiding 
the  risk  of  anode  poisoning  by  carbon  monoxide  impurities. 

Iron  oxides  (Fe203,  Fe304)  have  been  typically  chosen  as  metal 
oxides  mediators  for  the  storage  and  production  of  hydrogen  in  the 
steam-iron  system,  due  to  their  theoretical  high  redox  capacity  per 
mass  unity,  availability  and  economic  feasibility  [5,6].  The  theoret¬ 
ical  amount  of  hydrogen  stored  and  supplied  through  the  redox 
of  iron  oxide  is  calculated  to  be  4.8  wt%  of  Fe,  which  corresponds 
to  the  complete  oxidation  of  Fe  into  Fe304.  However,  it  has  been 
demonstrated  that  when  pure  iron  oxide  is  used,  the  process  is 
adversely  affected  by  sintering  or  aggregation  of  particles,  caused 
by  the  cyclic  operation  of  reduction  and  oxidation  steps  [7-9].  This 
implies  that  the  practical  value  of  hydrogen  storage  will  be  lower 
along  time. 

Therefore,  the  selection  or  development  of  materials  with  a  low 
sintering  tendency  and  constant  high  conversion  rates  (both  for 
reduction  and  oxidation)  would  increase  the  feasibility  of  hydro- 
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gen  storage  by  the  steam-iron  process  in  comparison  with  other 
technologies. 

Often  in  the  field  of  catalysis,  certain  metals  or  metal  oxides 
are  introduced  as  promoters  into  the  structure  of  a  metal  oxide 
matrix  in  order  to  improve  their  catalytic  activity,  stability  and/or 
selectivity.  In  the  same  way,  the  use  of  iron  oxides  modified  with 
additives  in  the  steam-iron  process  could  lead  to  essential  improve¬ 
ments  with  respect  to  the  pure  iron  oxide,  such  as  the  decrease  of 
operational  temperatures  or  the  enlargement  of  the  oxide  lifetime. 

Recently,  a  number  of  studies  have  appeared  in  literature 
[10-15],  regarding  the  reduction  and  oxidation  features  of  iron 
oxides  with  promoters.  The  results  of  these  investigations  pro¬ 
vide  valuable  information,  especially  due  to  the  large  number  of 
additives  (up  to  26  different  elements)  that  have  been  individually 
tested.  Furthermore,  the  effect  of  the  promoters  has  been  analyzed 
on  the  basis  of  the  local  structures  and  electronic  state  of  the  metal¬ 
lic  species.  As  a  result  of  these  analyses,  it  has  been  proposed  that 
the  improvement  of  stability  shown  by  certain  additives  could  be 
related  to  the  formation  of  stable  compounds,  which  prevent  the 
aggregation  of  iron  species  during  the  reduction  and  oxidation  reac¬ 
tions  [16-18]. 

However,  several  features  of  these  studies,  regarding  the  exper¬ 
imental  methodology  (e.g.  working  at  non-isothermal  conditions 
or  using  constant  percentage  of  promoter  introduced  in  the  iron 
oxide)  and  the  presentation  of  results  (e.g.  no  details  about  activ¬ 
ity,  stability  and  hydrogen  storing  capacity  with  respect  to  the  total 
mass  of  the  solids)  are  not  completely  conclusive. 

Therefore,  in  the  present  study,  the  reduction  and  oxidation 
behaviour  of  iron  oxides  modified  with  Al,  Cr  and  Ce  oxides  (addi¬ 
tives  that  have  been  proven  to  prevent  the  sintering  of  iron  species 
during  the  redox  reactions  [10])  has  been  analyzed,  with  special 
attention  to  the  influence  of  the  amount  of  additive  in  the  activity 
and  stability  of  the  solids  along  cycles. 

2.  Experimental 

2.1  Preparation  and  characterization  of  the  iron-based  oxides 

Samples  of  pure  Fe203  and  iron  oxides  with  metal  additives 
were  synthesized  from  the  corresponding  metal  nitrates  of  Fe, 
Al,  Cr  and  Ce  [Fe(N03)3-9H20,  A1(N03)3-9H20,  Cr(N03)3-9H20  and 
Ce(N03)3-6H20],  and  citric  acid,  by  means  of  the  citrate  method 
[19]. 

For  each  additive  (Al,  Cr  or  Ce),  different  samples  were  prepared 
with  nominal  quantities  from  1  to  10  mol%  of  added  metal  to  all 
metal  atoms.  The  synthesized  samples  (Table  1 )  were  named  as 
FeM-x,  where  M  is  the  metal  (Al,  Cr  or  Ce)  introduced  as  an  additive 
oxide  to  the  hematite  and  x  represents  the  percentage  of  M  content 
in  the  solid,  as  indicated  above. 

Table  1 

ICP  and  BET  characterization  results. 


Table  2 

Redox  experimental  conditions. 

Sample  mass 

20  mg 

Particle  size 

100-160  (Jim 

Inlet  flow  rate 

750  mL  (STP)  min-1 

Pressure 

1  bar 

Temperature 

450  °C 

Number  of  cycles 

7 

Reduction:  H2  partial  pressure 

0.5  bar 

Time  on  stream 

Until  complete  reduction 

Oxidation:  H20  partial  pressure 

0.2  bar 

Time  on  stream 

20  min 

According  to  the  citrate  method,  an  aqueous  solution  of  citric 
acid  was  added  to  a  concentrate  solution  of  the  metal  nitrates,  with 
equimolecular  relation  of  citric  acid  to  metal  cations.  The  mixture 
was  kept  stirred  at  80  °C  until  a  gel  was  formed.  The  gel  product 
was  dried  overnight  in  an  oven  at  110  °C.  After  that  the  material 
was  calcined  in  air  at  700  °C  for  6  h. 

The  characterization  of  the  solids  involved:  X-ray  diffraction 
(XRD),  elemental  analysis  (ICP),  specific  surface  area  (BET)  and  tem¬ 
perature  programmed  reduction  (TPR-TG). 

2.2.  Redox  cycle  experiments 

The  activity  tests  for  the  reduction  and  oxidation  of  the  iron 
oxide-based  samples  were  performed  in  a  thermobalance  (C7  Elec¬ 
tronics  MI<2 )  acting  as  a  differential  reactor. 

A  sample  mass  of  20.0  mg,  with  a  sieve  fraction  of  100-160  p,m, 
and  a  total  flow  rate  of  750  mL  (STP)  min-1  were  used  for  all 
the  experiments.  From  previous  experiences  [20],  using  different 
amount  of  samples  and  sieve  fractions  of  Fe203,  and  varying  the 
total  gas  flow  rate,  it  could  be  concluded  that  with  the  above  condi¬ 
tions  there  was  no  bed  depth  effects  or  diffusional  limitations.  All 
experiments  were  carried  out  at  450  °C  under  atmospheric  pres¬ 
sure. 

Each  redox  cycle  was  made  up  of  four  successive  steps:  reduc¬ 
tion,  inertization,  oxidation,  and  inertization.  During  the  reduction 
step,  the  samples  were  treated  with  a  50:50  gas  mixture  of  hydrogen 
and  nitrogen  until  complete  reduction  was  achieved.  The  inertiza¬ 
tion  steps  (nitrogen  flow  for  5  min)  were  essential  to  remove  the 
remaining  reactive  gases  of  the  previous  step  from  the  system.  In 
the  oxidation  step,  a  mixture  of  steam  and  nitrogen  was  fed  and  the 
partial  pressure  of  steam,  0.2  bar,  was  controlled  by  saturating  part 
of  the  inert  gas  flow  at  a  proper  temperature.  The  duration  of  the 
oxidation  step  was  fixed  to  20  min. 

The  reduction  and  oxidation  reactions  of  the  studied  oxides  were 
repeated  in  the  same  conditions  (which  are  summarized  in  Table  2) 
for  seven  cycles,  in  order  to  evaluate  their  stability. 

3.  Results  and  discussion 

3.1  Material  properties 

X-ray  diffraction  measurements  from  the  different  iron-based 
oxides  (Fig.  1)  showed  the  characteristic  diffraction  peaks  due  to 
hematite  (Fe203).  For  the  sample  added  with  Ce,  a  separate  Ce 
containing  phase  (Ce02)  was  detected,  but  any  diffraction  peaks 
ascribed  to  Al  and  Cr  oxides  were  not  observed  for  the  sam¬ 
ples  containing  these  additives.  These  observations  suggest  low 
enough  content,  high  dispersion  of  the  additives,  formation  of  non¬ 
crystalline  compounds  or  compounds  giving  the  same  diffraction 
peaks  as  those  of  Fe203  [10]. 

The  additive  contents  of  the  synthesized  oxides  measured  by  ICP 
are  given  in  Table  1  along  with  the  BET  specific  surface  areas  of  the 
samples.  It  can  be  observed  that  the  incorporation  of  additives  does 
not  lead  to  a  significant  increase  in  the  surface  areas,  compared  to 
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Fig.  1.  XRD  patterns  of  iron-based  oxides  with  Al,  Cr  or  Ce  as  additive;  (y)  Fe203i 
(O)Ce02. 


the  pure  iron  oxide  (FeM-0)  and  only  in  the  case  of  Al  added  oxides, 
higher  surface  areas  were  found  for  increasing  Al  content.  Finally, 
no  correlation  could  be  found  between  the  specific  surface  area  of 
the  solids  and  their  reaction  activity. 

The  characterization  of  the  iron  oxides  with  additives  by  means 
of  dynamic  reduction  experiments  (temperature  programmed 
reduction)  using  hydrogen  or  methane  as  reducing  gases,  was  per¬ 
formed  in  the  thermogravimetric  system. 

Fig.  2  shows  the  weight  loss  percentage  (100%  corresponds  to  the 
maximum  weight  loss  after  complete  reduction  of  each  sample), 
as  a  function  of  temperature,  obtained  from  the  hydrogen  TPR-TG 
reduction  tests.  The  reduction  behaviour  of  pure  Fe203  is  also  repre¬ 
sented  for  comparison  purposes.  By  examining  these  results,  it  can 
be  proven  that  the  reduction  of  all  the  samples  starts  at  approxi¬ 
mately  the  same  temperature  (around  350-400  °C),  and  to  a  greater 
or  lesser  extent,  all  graphs  show  the  typical  shape,  with  a  shoulder 
at  a  degree  of  reduction  of  about  11%,  which  points  to  the  stepwise 
reaction  via  Fe304  [21].  On  the  other  hand,  as  the  main  difference 
among  the  studied  oxides,  it  can  be  observed  that  lower  reduc¬ 
tion  rates  were  registered  for  increasing  percentages  of  Al  and  Cr, 
whereas  the  amount  of  Ce  did  not  have  a  significant  effect  on  the 
reduction  kinetics.  These  observations  must  be  taken  into  account 
when  the  isothermal  redox  cycle  experiments  are  performed,  since 
different  reduction  times  will  be  necessary  to  completely  reduce 
each  oxide. 

The  behaviour  of  the  iron  oxides  during  dynamic  reduction  with 
CFI4  was  also  analyzed.  The  results  of  these  TPR-TG  experiments 
for  one  sample  of  each  additive  are  represented  in  Fig.  3,  as  well 
as  the  one  obtained  with  pure  iron  oxide,  included  to  allow  the 
comparison.  Since  the  reduction  of  the  samples  was  not  completed 
at  the  end  of  the  experiments  (800  °C),  the  weight  loss  percent¬ 
ages  were  calculated  using  the  maximum  weight  loss  registered 
in  the  hydrogen  reduction  experiments.  All  oxides  with  additives 
show  reduction  curves  with  a  similar  shape  compared  to  the  pure 
iron  oxide.  However,  the  reduction  of  the  iron  oxides  with  addi¬ 
tives  starts  at  a  higher  temperature  (around  550  °C)  than  the  pure 
hematite,  which  implies  that  the  separation  of  H2  from  H2 /CH4  mix¬ 
tures  could  be  performed  at  higher  temperatures  if  these  materials 
are  used. 

3.2.  Redox  behaviour 

In  order  to  evaluate  the  effect  of  the  additive  content  during 
reduction-oxidation  cycling  (seven  cycles),  series  of  experiments 
were  carried  out  in  the  thermogravimetric  system,  and  the  results 


obtained  for  each  studied  additive  (Al,  Cr  and  Ce)  are  presented  in 
Fig.  4  and  discussed  below.  The  weight  changes  registered  during 
the  successive  redox  cycles  (AW)  are  plotted  using  relative  per¬ 
centage  values  calculated  by  dividing  the  absolute  weight  change 
over  the  maximum  weight  loss  (due  to  the  initial  reduction  step), 
which  was  experimentally  proven  to  be  different  for  each  solid.  As 
a  consequence,  these  representations  are  mainly  used  to  compare 
the  reduction  and  oxidation  rates,  as  well  as  the  relative  regener¬ 
ation  capacity  of  the  oxides,  related  to  the  weight  lost  in  the  first 
reduction. 

However,  in  order  to  compare  more  properly  the  behaviour  of 
the  iron  oxides  with  different  additives,  and  different  amounts  of 
additive  for  a  given  metallic  pair  (e.g.  Fe-Al,  Fe-Cr,  Fe-Ce),  the  cal¬ 
culation  of  the  “hydrogen  storage  density”  was  considered.  This 
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Fig.  2.  H2  TPR-TG  profiles  of  (a)  Al,  (b)  Cr,  and  (c)  Ce  added  oxides.  Ph2  =  0.05  bar, 
/?  =  5°Cmin-1. 
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Fig.  3.  CH4  TPR-TG  profiles  of  iron-based  oxides  with  different  additives.  Pch2  = 
0.05  bar,  /3  =  5°C  min-1 . 


parameter  is  defined  as  the  ratio  of  total  amount  of  hydrogen 
released  after  each  oxidation  step  to  the  absolute  weight  of  the 
reduced  solid,  and  can  be  easily  evaluated  from  the  absolute  weight 
changes  registered  in  the  redox  experiments,  by  taking  into  account 


the  stoichiometry  of  the  oxidation  reaction.  In  order  to  make  clear 
the  effect  of  additive  amount,  the  values  of  hydrogen  storage  den¬ 
sity  after  the  first  and  seventh  cycles  are  represented  in  Figs.  5-7  as 
a  function  of  additive  percentage. 

The  maximum  theoretical  hydrogen  storage  density  of  each  solid 
is  also  shown  in  these  graphs.  To  calculate  such  value,  the  amount  of 
hydrogen  that  would  be  produced  during  the  complete  oxidation 
of  Fe  to  magnetite  is  considered.  It  is  therefore  assumed  that  the 
additive  does  not  contribute  to  the  formation  of  hydrogen  (although 
this  fact  was  not  experimentally  proven,  it  would  correspond  to  the 
worst  possible  scenario).  On  the  other  hand,  the  amount  of  additive 
is  taken  into  account  when  calculating  the  theoretical  weight  of  the 
reduced  sample.  For  that  reason,  the  larger  the  additive  content,  the 
smaller  the  corresponding  hydrogen  storage  density  value. 

As  a  visual  reference,  Figs.  5-7  include  the  plots  of  three  lines, 
denoted  hereafter  as  “theoretical  line”,  “first  cycle  line”  and  “sev¬ 
enth  cycle  line”.  Each  of  these  lines  is  obtained  by  connecting  the 
corresponding  values  of  hydrogen  storage  density  (theoretical,  after 
one  cycle  and  finally  after  seven  cycles)  for  all  the  solids.  The  relative 
position  of  these  lines  will  give  information  about  the  activity  and 
stability  of  the  solids  as  a  function  of  additive  percentage.  From  a 
graphical  point  of  view,  the  objective  of  introducing  additives  to  the 
iron  oxides  would  be  reflected  by  the  overlap  of  the  “first  cycle  line” 
and  “seventh  cycle  line”  (stability  criterion),  in  the  nearest  possible 
point  to  the  “theoretical  line”  (activity  criterion). 


0  40  80  120  160  200  240  280  320  360  400  440  480 

time  (min) 


Fig.  4.  Weight  change  of  (a)  Al,  (b)  Cr,  and  (c)  Ce  added  oxides  during  reduction-oxidation  cycles  at  standard  experimental  conditions  (see  Table  2  for  details).  First  reduction 
of  FeCr-10  is  intentionally  left. 
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Fig.  5.  Hydrogen  storage  density  of  Al  added  oxides. 
i  i  Theoretical  maximum  After  1 st  cycle  88888  After  7  cycles 
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Fig.  6.  Hydrogen  storage  density  of  Cr  added  oxides. 

I  I  Theoretical  maximum  After  1st  cycle  888883  After  7  cycles 
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Fig.  7.  Hydrogen  storage  density  of  Ce  added  oxides. 


Finally,  to  facilitate  the  comparison  between  pure  iron  oxide  and 
the  iron  oxides  with  additives,  the  results  obtained  when  hematite 
was  tested  at  the  same  experimental  conditions  are  shown  in  all 
the  cases. 

Concerning  Fig.  4  (mass  changes  of  the  iron  based  oxides  with 
different  amounts  of  additives,  registered  during  the  redox  cycle 
experiments)  and  by  examining  the  initial  reduction  step,  it  can  be 
seen  (as  expected  from  the  hydrogen  TPR-TG  tests)  that  the  oxides 
with  Al  or  Cr  present  lower  reduction  rates  in  comparison  with 
the  pure  iron  oxide.  This  fact  is  more  remarkable  for  the  samples 
with  larger  concentrations  of  Al  or  Cr,  the  times  for  which  com¬ 
plete  reduction  is  several  times  longer  than  that  corresponding  to 
the  oxides  with  the  lowest  concentrations.  For  this  reason,  and  in 
order  to  avoid  too  long  experiments,  the  initial  reduction  step  of  the 
FeCr-10  iron  oxide  was  performed  at  500  °C  (and  thus  the  resulting 
reduction  curve  is  not  shown  in  Fig.  4b). 

As  it  was  shown  in  previous  works  [9],  under  the  experimental 
conditions  and  the  fixed  oxidation  length  of  the  present  study,  the 
former  oxide  cannot  be  regenerated  through  iron  oxidation  with 
steam,  but  magnetite  is  obtained  as  the  only  product.  Therefore, 
the  initial  reduction  of  the  oxide  and  the  reduction  of  the  samples 
in  subsequent  cycles  do  not  necessarily  follow  the  same  pattern,  as 
can  be  seen  in  Fig.  4. 

The  successive  reduction  steps  of  the  oxides  with  Al  in  subse¬ 
quent  cycles  (Fig.  4a)  show  poorer  kinetics  than  the  oxide  without 
additives.  However,  in  this  case,  the  differences  due  to  the  additive 
concentration  are  not  as  severe  as  they  were  in  the  first  cycle.  In 
contrast,  from  the  second  cycle  on,  the  reduction  rates  of  the  oxides 
with  any  Cr  content  (Fig.  4b)  are  similar  to  the  rates  registered  for 
the  pure  iron  oxide,  and  therefore  greater  than  the  corresponding 
values  exhibited  by  the  oxides  with  Al.  These  observations  denote 
that,  except  for  the  first  reduction  step,  the  iron  oxide  samples 
containing  Cr  had  a  similar  behaviour  to  the  iron  oxide  without 
additives.  By  analyzing  the  first  reduction  step  for  the  oxides  with 
Ce  as  additive  (Fig.  4c),  it  can  be  seen  that  independently  of  the  Ce 
content,  the  weight  loss  curves  are  very  similar  to  each  other  and 
practically  coincident  with  the  pure  iron  oxide  reduction  curve.  This 
result  is  consistent  with  the  hydrogen  TPR-TG  tests  and  represents 
one  of  the  main  differences  between  the  behaviour  of  the  oxides 
with  Ce  and  the  previously  studied  additives  (Al  and  Cr).  In  the 
same  way,  the  improved  reduction  rates  observed  in  the  first  step 
keep  constant  along  the  cycles. 

On  the  other  hand,  regarding  the  oxidation  process  analogous 
results  were  obtained  for  the  oxides  with  Al,  Cr  or  Ce  as  additives. 
In  all  cases,  these  additives  have  a  significantly  favourable  effect  on 
the  oxidation  step,  as  compared  with  the  behaviour  of  the  pure  iron 
oxide. 

It  can  be  seen  that  even  for  the  lowest  additive  proportions,  after 
the  first  oxidation,  approximately  89%  of  the  weight  that  is  lost  dur¬ 
ing  the  first  reduction  step,  is  regenerated.  Assuming  that  the  initial 
weight  loss  is  due  to  the  reduction  of  hematite  to  iron,  a  regenera¬ 
tion  of  89%  implies  that  the  complete  oxidation  of  Fe  into  magnetite 
is  achieved. 

The  percentage  of  mass  regenerated  through  the  oxidation 
decreases  gradually  from  the  first  to  the  seventh  cycle  for  the  iron 
oxides  with  lower  concentrations  of  additive,  whereas  it  keeps  prac¬ 
tically  constant  for  the  oxides  with  larger  additive  contents.  These 
results  verify  that  the  incorporation  of  Al,  Cr  or  Ce  into  the  iron 
oxide  extraordinarily  enhances  the  stability  of  the  solid,  just  as  it 
was  intended  when  they  were  selected  as  candidate  additives. 

The  reasons  of  the  favourable  effect  of  these  additives  can  be 
found  in  literature  [16-18].  The  presence  of  compound  oxides  of 
metal  additives  and  iron  was  found  by  means  of  X-ray  absorption 
near  edge  structure  (XANES)  and  extended  X-ray  absorption  fine 
structure  (EXAFS)  analysis.  These  compounds  would  inhibit  the 
contact  between  iron  metal  particles,  thus  preventing  the  degra- 
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dation  of  the  solids  avoiding  collapse  of  near  grains.  In  addition  to 
the  resistance  to  sintering,  the  compound  oxides  present  on  the 
surface  may  activate  the  redox  reactions. 

On  the  other  hand,  by  comparing  the  behaviour  of  the  solids 
in  terms  of  their  hydrogen  storage  density  (which  is  shown  in 
Figs.  5-7),  the  following  information  may  be  inferred:  the  higher 
stability  of  the  oxides  with  the  larger  additive  content  is  reflected  in 
the  maintenance  of  the  amount  of  hydrogen  released  after  the  first 
and  seventh  oxidations.  However,  although  for  these  highly  addi- 
tivated  oxides  the  corresponding  curves  of  relative  weight  change 
(Fig.  4)  indicated  that  nearly  all  the  Fe  previously  formed  was  trans¬ 
formed  into  magnetite,  the  values  of  the  hydrogen  storage  density 
(which  were  calculated  from  the  experimental  data)  are  lower  than 
the  maximum  value,  theoretically  determined.  This  fact  is  espe¬ 
cially  true  for  the  oxide  with  the  higher  content  of  additive  and 
implies  that,  even  though  an  apparent  total  stability  is  achieved,  the 
activity  of  the  stable  oxide  is  lower  than  the  theoretical  maximum. 

A  possible  explanation  for  this  result  is  that,  during  the  first 
reduction  step,  not  all  the  iron  oxide  present  in  the  sample  was 
reduced,  either  because  the  time  for  reduction  was  not  enough, 
or  because  part  of  the  iron  was  in  combination  with  the  additive 
forming  some  stable  compound,  so  that  it  was  not  able  to  reduce. 

Regarding  the  oxides  with  the  lowest  additive  percentage,  their 
hydrogen  storage  density  after  the  first  redox  cycle  is  higher  com¬ 
pared  to  the  rest  of  solids  with  the  same  additive.  However,  due 
to  the  decrease  of  activity  of  these  oxides,  after  the  seventh  cycle, 
the  hydrogen  storage  density  (although  still  much  higher  com¬ 
pared  to  the  iron  oxide  without  additives)  is  always  lower  than  the 
value  obtained  for  the  iron  oxides  with  intermediates  percentages 
of  additive  (around  5  mol%). 

Consequently,  it  is  clear  that  an  optimum  amount  of  additive 
exists  for  which  the  additivated  oxide  would  lead  to  the  maximum 
amount  of  hydrogen  storage  per  weight  of  solid,  virtually  constant 
during  all  the  redox  cycles. 

As  main  differences  between  the  graphs  in  Figs.  5-7,  it  must  be 
emphasized  that,  since  the  molecular  weight  of  Cr  is  bigger  than 
that  of  Al,  the  theoretical  hydrogen  storage  density,  calculated  for 
the  same  percentage  of  additive,  is  lower  for  the  oxide  contain¬ 
ing  Cr  (Fig.  6).  For  instance,  the  theoretical  maximum  amount  of 
hydrogen  that  could  be  stored  using  a  FeAl-10  iron  oxide  is  4.32%, 
whereas  for  a  FeCr-10  oxide  this  value  is  calculated  to  be  4.14%. 
Furthermore,  it  can  be  observed  that  the  discrepancy  between  the 
theoretical  values  of  hydrogen  storage  density  and  the  ones  calcu¬ 
lated  from  the  experimental  data  is  more  remarkable  in  the  FeCr 
case,  especially  for  the  oxide  with  the  largest  amount  of  Cr.  This 
fact  could  be  explained  by  taking  into  account  that  the  iron  oxides 
with  Cr  exhibited  poor  kinetics  during  the  first  reduction  step. 

Since  Ce  is  the  additive  with  the  largest  molecular  weight  of  the 
three  metals  studied  in  this  work,  the  incorporation  of  this  additive 
into  the  iron  oxides  leads  (Fig.  7)  to  the  lowest  hydrogen  storage 
densities  (as  compared  to  the  solids  with  Al  and  Cr,  with  the  same 
additive  content).  It  can  be  concluded  that  the  hydrogen  storage 
density  of  an  oxide  with  a  percentage  of  added  Ce  oxide  is  signifi¬ 
cantly  lower  than  the  analogous  values  of  this  parameter  for  oxides 
with  the  same  concentration  of  Cr  or  Al  oxides. 

Similarly,  it  was  proven  that  the  experimentally  calculated  val¬ 
ues  of  amount  of  hydrogen  released  (per  mass  of  reduced  solid) 
after  seven  cycles,  by  the  iron  oxides  with  a  percentage  of  additive 
around  5  mol%,  follow  the  same  trend  as  shown  by  the  theoretical 
values:  4.16%,  3.8%  and  3.36%  for  the  oxides  with  5.4  mol%  of  Al,  5.1 
mol%  of  Cr  and  5.9  mol%  of  Ce,  respectively. 


It  is  interesting  to  mention  these  values,  because  with  such 
amount  of  additive  a  repetitive  regeneration  of  mass  during  the 
oxidations  is  achieved  along  seven  cycles  (apparent  complete  sta¬ 
bility).  Furthermore,  among  the  studied  oxides,  the  previously 
mentioned  ones  gave  the  maximum  values  of  hydrogen  storage 
density  and  therefore  they  can  be  considered  nearly  optimum  val¬ 
ues. 

4.  Conclusions 

The  reduction  and  oxidation  features  of  several  iron  oxides  with 
various  proportions  of  Al,  Cr  and  Ce  have  been  proven. 

The  behaviour  during  the  initial  hydrogen  reduction  step  of  the 
iron  oxides  with  different  amounts  of  Ce  as  additive  was  similar 
to  the  behaviour  of  the  pure  iron  oxide.  However,  the  iron  oxides 
modified  with  Al  and  Cr  exhibited  poorer  kinetics,  this  fact  being 
more  remarkable  for  increasing  proportion  of  additives. 

The  addition  of  Al,  Cr  and  Ce  to  the  iron  oxide  greatly  improved 
the  stability  and  oxidation  activity  of  the  solids,  during  the  repeated 
reduction-oxidation  cycles. 

For  all  cases,  an  optimum  percentage  of  metal  additive  (around  5 
mol%)  could  be  found,  for  which  the  maximum  amount  of  hydrogen 
storage  density,  practically  constant  along  the  cycles,  was  achieved. 
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